EPR study of nano-structured graphite 
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We report on a systematic temperature dependent X-band electron paramagnetic resonance 
(EPR) study of nano-sized graphite particles prepared by ball-milling. In as-prepared samples a 
very intense and sharp EPR resonance at g = 2.0035 has been measured. The EPR linewidth shows 
a Korringa-like linear temperature dependence arising due to the coexistence and strong exchange 
coupling of itinerant and localized edge states. With a prolonged aging in inert atmosphere changes 
in the EPR signal suggest gradual structural reconstruction where the localized edge-states dominate 
the EPR signal. In this case the EPR spin susceptibility shows a maximum at « 23 K indicating the 
development of antiferromagnetic correlations as expected for the graphene lattice with a bipartite 
symmetry. 

PACS numbers: 75.75.-|-a, 75.50.Kj, 75.10.Nr, 75.30.Cr 



I. INTRODUCTION 

The recent discovery of the fascinating electronic prop- 
erties of graphenei and its possible application in the 
development of new electronic and spintronic devices ini- 
tiated the study on how these properties are modified 
when the average dimensions of the sp^ carbon system 
are reduced to the nano-scale. Consequently, the study of 
nano-graphene,— nano-sized multilayers^ and nano-sized 
graphite has recently received a major boost. In particu- 
lar nano-sized graphite, thanks to its possible large-scale 
production, large specific area and reactivity, can meet 
applications as gas sorbents, in particular for hydrogen 
storage^ high temperature gaskets and even as electrode 
for lithium recharged batteries 

In all nano-sized graphitic particles the structure is 
rather defective with influences on their physical and 
chemical properties.— Apart from the obvious increase 
of edges, also ripples, vacancies. Stone Wales or simi- 
lar arc created during the sample preparation resulting 
in a plethora of intriguing localized electronic states that 
co-exist with the itinerant electrons. Most surprisingly, 
high-temperature carbon-based magnetism is repeatedly 
reported^i and associated with such defect states. For in- 
stance, dangling bonds or vacant atoms were suggested 
to induce magnetism in amorphous carbon samples in- 
cluding carbon nanofoamiiSiii Ferromagnctism has been 
also found after irradiation of highly oriented pyrolitic 
graphite by protons of energy 2.25 MeV.— In graphene 
layers, zig-zag edge states appear remarkably stable, 
are ferromagnetically polarized and coupled to itiner- 
ant statesi^ and are considered as a prime suspect for 
the observed magnetic hysteresis loop in many graphene 
samples.— 

As it is well known, the reduction of the graphite 
grain size down to the few nanometers range, even if per- 



formed through mechanical processing like milling, does 
not bring to its amorphization but nanocrystalline phases 
are obtained This is confirmed by TEM and SEM anal- 
ysis of the ball-milled graphite which show the formation 
of nano-sized graphite platelets in which the A — B stack- 
ing order of graphite is probably lost although preserv- 
ing the pristine layered structure. On the other hand, at 
moderate milling time, no relevant damage of the hon- 
eycomb intra-layer order is observed.— It is well known 
that reactivity of dangling bonds at graphite edges in- 
dicates that both the nano-sizing process and the suc- 
cessive manipulation need to be performed under strict 
oxygen/moisture free conditions. However, even in such 
atmosphere, the edge states may still be unstable and 
thus inclined towards the edge reconstruction as it is cur- 
rently discussed in the literature both on a theoretical as 
well as on experimental level.— 

Our understanding of the physical and chemical prop- 
erties of nano-sized graphite platelets thus depends on 
the answers to two important open questions: (i) What is 
the origin of edge states, their interactions with the itin- 
erant electrons and possible consequences for the carbon- 
based magnetism? and (ii) What would be the edge re- 
construction that affects their long term stability and 
how is it reflected in the magnetic response? We there- 
fore decided to prepare nano-sized graphite samples by a 
ball-milling process and then employ electron paramag- 
netic resonance (EPR) since this technique proved to be 
extremely sensitive local-probe technique for the study 
of TT— electron states in different forms of carbon<^ We 
found that the edge states couple to itinerant electrons 
giving rise to exchange-narrowed EPR spectra. Indica- 
tions for their antiferromagnetic rather than ferromag- 
netic ordering have been found at low temperatures. The 
concentration of these states is immediately suppressed 
by at least an order of magnitude when samples were 
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exposed to air speaking for their high reactivity. Surpris- 
ingly, we found that the EPR signal also changes on a 
time scale of several months even if the samples are kept 
in inert atmosphere. This implies very slow edge recon- 
struction processes towards the configuration where the 
antiferromagnetic exchange becomes even stronger. Pos- 
sible stable edge configurations and consequences for the 
magnetism in nano-sized graphite are discussed. 



II. METHODS 

Nano-sized graphite samples were prepared starting 
from the graphite powder of high purity, RW-A grade, 
initial mesh 240, from SGL Carbon. About 500 mg of 
graphite powder, which was treated at 830 °C overnight 
in dynamical vacuum, were placed in a Zr02 grinding 
bowl (bowl volume 15 ml) and ball-milled in Ar atmo- 
sphere (< 1 ppm O2 and H2O) for 1 h at 50 Hz with 
a Fritsch Mini-mill pulverisette 23. Milling process was 
stopped every 10 minutes in order to avoid bowl over- 
heating. No Zr02 contamination was observed in any of 
the prepared samples. Extreme care was taken that ball- 
milled graphite (BMG) samples were not exposed to air 
at any stage of preparation or handling. 

Special care was taken to avoid the formation of amor- 
phous carbon as some degree of amorphization can also 
be obtained after prolonged mechanical milling. It is well 
known that nano-crystalline graphite is obtained after 8 
h milling time, while if exceeding this time some fraction 
of carbon starts to turn to amorphous state, For this 
reason we ball-milled graphite powder for 1 h, i.e. a time 
significantly shorter from that required for amorphiza- 
tion. Raman spectroscopy is in principle one of the most 
appropriate techniques for discriminating between nano- 
crystalline graphite and amorphous carbon.-^ An exten- 
sive Raman investigation of ball-milled samples show, 
that the G peak position is around 1580 cm~^,^^ which is 
a typical value for graphite and quite far from the value 
of 1510 cm~^ expected for amorphous carboujSi 

Nano-sized graphite samples were also checked by the 
laboratory XRD analysis, collected at room temperature 
on a Bruker D8 Discover difl^ractometer with GADDS 
(GuKa). The ball- milling causes the loss of correlation 
among graphene planes (turbostratic disorder), since the 
majority of the refiections disappeared, except for (0 
I) reflections, which are strongly broadened (Fig. [TJi). 
In particular, (0 2) peak appear slightly downshifted, 
very broadened and asymmetrical, as expected in tur- 
bostratic graphitci^ The TEM images obtained with a 
Jcol 2000FX microscope working at 200 kV show that 
high energy ball-milling on graphite promotes the forma- 
tion of graphite nano-sized platelets as well as nanorib- 
bons (Fig. [T}d,c) in agreement with previously reported 
BMG characterizations.— The mean size along the stack- 
ing c-axis is around 6-7 nm (mean over 50 observations). 
The stacking distance of the planes inside a ribbon was 
found to be ^0.35 nm (sec Fig. [TJi), which is in very good 




FIG. 1. (color online), (a) Comparison between the powder 
X-ray diffractograms of the starting pure graphite (bottom in 
black) and the 1 h ball-milled samples (top in red), (b) TEM 
images of the ball milled graphite sample shows that the sam- 
ple consists of larger graphite nano-sized platelets and smaller 
graphite nanoribbons. (c) Nanoribbons, whose mean dimen- 
sions along the stacking c-axis is 6-7 nm, appear crystalline 
and (d) preserve the initial graphite stacking distance of ~0.35 
nm. 

agreement with the value obtained from XRD data on 
the starting graphite powder {dstackmg = 0.3557(4) nm). 
This suggests that the milling process does not intro- 
duce significant in-plane defects (delaminations, changes 
of curvature of the planes), which should increase the in- 
terlaycr distance, as observed in other similar studiesJ^ 
Continuous wave (cw) EPR experiments were per- 
formed on the home built X-band EPR spectrometer 
equipped with Varian TEM104 dual cavity and Oxford 
cryogenics ESR900 cryostat. Experiments were carried in 
the temperature range between 300 and 5 K with a tem- 
perature stability better than ±0.1 K. Additional mea- 
surements were also performed at different microwave 
powers ranging between 0.1 and 5 mW in order to ex- 
clude the effect of saturation on the EPR signal. 

III. RESULTS AND DISCUSSION 

In Fig. Hwe show EPR spectra (T = 100 K) of sam- 
ples prepared with a ball-milling process but treated in 
a different way. In as-prepared sample we find a very 
intense and extremely narrow line that can be well sim- 
ulated with a single Lorentzian component. The mea- 
sured (7— factor of 2.0035(2) is very close to the elec- 
tron free value and thus confirms that this resonance 
is due to the carbon-based states. Magnetic field scan- 
ning over broader field-range did not reveal any addi- 
tional resonances that would belong to frequently ob- 
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FIG. 2. (color online). Comparison of X-band EPR spectra 
measured on ball-milled graphite samples collected at differ- 
ent stages of sample-treatments, i.e. (a) as-prepared, (b) aged 
in an Ar atmosphere for several months, and (c) immediately 
after exposure to air. The spectra were collected at 100 K. In 
all three cases open circles represent the experimental data, 
solid red line is a fit, while dotted lines represent the individ- 
ual components used to fit the spectra. 



served transition-metal impurities. The half-width full- 
maximum of this resonance is only 0.11 mT and it 
is much less than it is usually reported for graphene-likc 
samples In fact it suggests strong exchange narrow- 
ing limit in this case, as we shall demonstrate later on. 

The EPR spectra drastically change if the samples are 
subjected to different treatments. As one can immedi- 
ately notice from Fig. [5]d, if the sample is aged for several 
months in inert atmosphere, the EPR spectrum slightly 
narrows and becomes asymmetric because the additional 
resonance starts to appear. We stress that the intensity of 
the EPR signal does not significantly decrease with time 
implying that the paramagnetic centers do not die with 
time, but rather slowly redistribute. The main compo- 
nent is now even narrower than in the as-prepared sam- 
ple and /S.Hi/2 = 0.08 mT is measured. The narrowing 
of the main EPR component suggests stronger exchange- 
narrowing limit. The minor component is rather similar 
to the one measured in the as-prepared sample with the 
linewidth of 0.12 mT and is thus likely a residual of the 
original signal. 

Changes are severely more dramatic when the as- 
prepared sample is exposed to air. Immediately af- 
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FIG. 3. (color online). Temperature dependence of the X- 
band EPR spectra in ball-milled graphite aged in inert atmo- 
sphere for a prolonged time. Please note gradual broadening 
and decrease in intensity of the spectra below ~ 23 K. 

ter the exposure the EPR signal intensity decreases by 
nearly an order of magnitude. This clearly proves that 
the vast majority of paramagnetic centers, which we 
observed in as-prepared sample, is highly reactive and 
promptly react with the oxygen- or hydrogen including 
functional groups to create C-H, C-OH or similar EPR 
silent groups. Therefore, the remnant EPR component 
is now broader, i.e. /S.H1/2 = 0.21 mT, while the narrow 
one with AH1/2 = 0.08 mT has almost disappeared (Fig. 

Efc). 

The measured EPR spectra are strongly temperature 
dependent. In order to demonstrate this we show in Fig. 
[3]the low-temperaturc dependence measured in aged ball- 
milled graphite. In this temperature range EPR spectra 
first get narrower on cooling but below ss 23 K they start 
to broaden again. At the same time the spectral intensity 
starts to decrease and the spectrum measured at 9 K is 
already by a factor of 3 weaker than the one taken at 23 
K. Since the EPR spectra arc so narrow, we also checked 
for the possible microwave saturation effects. We thus 
measured the temperature dependence of EPR spectra 
at different microwave powers (from 0.1 to 5 mW) and 
observed the same kind of behavior in all cases. These ad- 
ditional experiments unambiguously prove that the dis- 
appearance and broadening of the EPR spectra at low 
temperatures is an intrinsic effect and most likely signals 
the development of local magnetic fields and antiferro- 
magnetic correlations^ in the ball milled graphite. Sim- 
ilar behavior has been observed also in as-prepared sam- 
ple except that signal disappearance is shifted to much 
lower temperatures (not shown). On the other hand, the 
sample that was exposed to air completely lacks such be- 
havior. 

Since the EPR spectra indicate some sort of magnetic 
ordering at low temperatures we now turn to the intensity 
of the EPR signal, xepr, which is directly proportional 
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FIG. 4. (color online). Temperature dependences of the EPR 
spin susceptibilities for the as-prepared (circles), aged in inert 
atmosphere (squares) and air exposed (triangles). Solid lines 
represent fits to a sum of Pauli temperature independent and 
Curie-Weiss spin susceptibilities (see text for details). Inset: 
Temperature dependences of the inverse EPR spin suscepti- 
bilities for the same samples. 



to the spin-only susceptibility. In Fig. 2] we summa- 
rize its temperature dependence for all three samples, i.e. 
as-prepared, aged and air-exposed. Although xepr m- 
creases with decreasing temperature for as-prepared sam- 
ple it cannot be described by the Curie- Weiss, xcw, de- 
pendence only and additional temperature independent 
Pauli- like susceptibility, xpi has to be taken into account 
as well. The xepr data has been thus simulated as a sum 
of the two contributions, i.e. xepr{T) = xp + C/{T—9) . 
Since it was impossible to reliably measure the mass of 
the investigated EPR samples, we could not quantita- 
tively determine xp nor the Curie constant C. However, 
the relative ratio between the Pauli and Curie- Weiss com- 
ponents can be determined and at room temperature it 
amounts Xcw/xp ~ 0-7 implying that the contribution 
of itinerant electrons is substantial. The negative Curie- 
Weiss temperature 9 ~ —2.6(5) K indicates weak anti- 
ferromagnetic interactions between magnetic moments. 
The sharp maximum in xepr seen at 9 K (Fig. |4|) is 
thus signaling antiferromagnetic correlations below this 
temperature. When the samples are exposed to air, both 
contributions to Xepr are affected. Not surprisingly, 
the indications for the antiferromagnetic correlations also 
disappear meaning that the magnetic ordering is essen- 
tially associated with the carbon states and not to some 
non-carbon impurities. 

Aging in inert atmosphere suppresses xp and now xcw 
is the dominant component of the spin susceptibility. 
Simultaneously, the antiferromagnetic exchange interac- 
tions become stronger as the Curie- Weiss temperature 
increases to 9 = —6(1) K. The temperature, where xepr 
shows a maximum, increases to « 23 K. The higher tem- 
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FIG. 5. (color online). Temperature dependences of the EPR 
linewidth for the as-prepared (circles), aged in inert atmo- 
sphere (squares) and air exposed (triangles). 

perature where antiferromagnetic correlations develop, 
corroborates well with enhanced 9. The comparison of 
Xepr measured for as-prepared and aged sample sug- 
gest that the localized edge states in as-prepared sam- 
ples are structurally and electronically unstable and that 
the edges in nano-sized graphitic particles slowly recon- 
struct on a time-scale of several months. The final struc- 
ture seems to converge towards the structure where the 
exchange interactions between the localized edge-states 
become stronger. 

The above discussion proved that nano-sized graphite 
samples contain both itinerant as well as localized edge- 
states and that at low temperatures antiferromagnetic 
correlations develop between localized moments. Such 
situation should greatly affect the spin dynamics and 
should be thus reflected in the temperature dependence 
of the EPR linewidth, AHi/2. The temperature depen- 
dence of AHi/2 is shown for all three samples in Fig. 
[51 It is immediately evident that AHi^2 has completely 
different behavior in air-exposed samples compared to 
the other two samples. Both, for as-prepared as well 
as for aged samples the linewidth shows a pronounced 
linear temperature dependence. Since we argued ear- 
lier from the temperature dependence of the EPR spin 
susceptibility that localized and itinerant electrons co- 
exist we take this dependence of AH1/2 as an indica- 
tion for the Korringa-type of relaxation, i.e. AH1/2 = 

^ [JN{Ef)]'^T = aT. Here J is the exchange cou- 
pling constant and N{Ef) is the density of states at 
the Fermi level. The extracted Korringa constants a ~ 
3.9 X lO-'^mT/K and a = 2.8 x IQ-^mT/K for the as- 
prepared and aged samples respectively are understand- 
ably very small due to the small values of N{Ep). The 
antiferromagnetic ordering is seen as a sudden broaden- 
ing of the resonance. This is particularly well expressed 
in the aged sample, where AH1/2 below T/v = 23K fol- 
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lows a dependence that resembles a temperature depen- 
dence of the order parameter. Therefore, the moments, 
that give rise to the residual EPR signal below Tjv are 
sensitive to the growing local magnetic fields in the or- 
dered state. However, we notice that we were not able 
to detect the (anti)ferromagnetic resonance modes prob- 
ably due to considerable disorder leading to their large 
linewidth. The temperature dependence of /S.H1/2 for 
the air-exposed sample on the other hand docs not in- 
dicate that Korringa relation would dominate the spin 
dynamics. In fact, the observed /S.H1/2 resembles weak 
temperature dependence of the EPR linewidth found in 
some disordered carbon nanoparticles with negligibly an- 
tiferromagnetic correlations at low temperatures. 

The present results on ball-milled graphite demon- 
strate that the localized states with g = 2.0035 are 
responsible for the magnetism in these samples. Wc 
next notice, that g— factors in the range between 2.0030 
and 2.0045 have been frequently measured in polymer- 
like^li^ or diamond-like films^^ in environments where a 
mixture of sp^ and sp^-hybridized states has been sug- 
gested. One of the possibilities for such re-hybridization 
in nano-sizcd graphitic particles would be for instance 
the binding of the interstitial carbon atoms, similarly as 
in irradiated graphite^S but clearly more work is needed 
to clarify this point. Intriguingly, the as-prepared nano- 
sized graphitic particles seem to be electronically and 
structurally unstable and some slow edge reconstruction 
must take place. Such structural reconstruction may be 
also associated with the changes from the A — A stacking 
or turbostratic to the A — B stacking. This hypothesis is 
further supported by our recent Raman investigation on 
the same materials where the evolution of the 2D peak 
shape with sample aging has been correlated with the 
readjustment of the graphite stacking)^ The main re- 
sult of this work is the finding of antiferromagnetic-like 
reduction of the EPR spin susceptibility at low temper- 
atures in a highly disordered nano-sized graphitic parti- 



cles where complete lack of spatial correlations between 
defects is expected. Since the graphene lattice has a bi- 
partite symmetry and antiferromagnetic correlations be- 
tween the two sublattices have been predicted by sev- 
eral theoretical studiesj^i^ then the total magnetization 
arising from the two sublattice-resolved average magnetic 
moments should vanish as the defects equally distribute 
over both sublatticesi^ 



IV. CONCLUSIONS 

In conclusion, a systematic EPR study of nano-sized 
graphite samples prepared by ball-milling process was 
conducted. In as-prepared samples localized edge-states 
coexist and couple to itinerant electrons leading to ex- 
tremely narrow EPR resonances. With a prolonged ag- 
ing even in inert atmosphere changes in the EPR sig- 
nal suggest gradual edge reconstruction that may also 
involve changes in the stacking of graphene layers. In 
parallel with structural evolution a (partial) localization 
of itinerant electrons and stronger antiferromagnetic in- 
teractions lead to the development of antiferromagnetic 
correlations below 23 K. Our results thus fully comply 
with the bipartite nature of the graphene layers where 
vanishing total magnetization is expected when defects 
equally distribute over both sublattices. The majority 
of the EPR active edge-sites created during the sample 
preparation were found to be very air-sensitive suggesting 
high chemical reactivity of such edge states. 
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